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A Practical Technique for Minimizing the Number of
Measurements in Sensor Signal Conditioning Calibration

Art Kay, Mikhail lvanov, Viola Schaffer High-Performance Linear Products

ABSTRACT

The output of many modern bridge type sensors contains errors that must be
eliminated through calibration. One major source of error is variation of sensor span
and offset from device to device and their respective drifts with temperature. These
drifts can be non-linear. Another source of error is the nonlinearity of the sensor output
with applied stimulus. Signal conditioning electronics can also introduce its own errors.
The complexity and duration of the calibration process that removes these errors is a
major cost factor in the modern sensor production. Multiple measurements have to be
made while applying stimulus to the sensor in temperature chambers.

This paper discusses a practical model of sensor behavior vs. input stimulus and
temperature based on general pre-characterization data. A sensor calibration method
using this model is described where the number of required stimuli and temperature
levels is minimized. The measurements are made at the output of a complete module
containing the sensor and conditioning electronics thus taking all system errors into
account. A programmable signal conditioning amplifier stores the computed calibration
data and uses it to eliminate initial errors.

This paper was originally presented at the SENSOR 2005 conference
(www.sensorfair.com) in Nurnberg, Germany and is reprinted by Texas Instruments
with permission.
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1 Introduction
A typical sensor output response for span and offset versus temperature is shown in Figure 1. The goal of

the calibration technique described in this paper is to describe a method for amplification and linearization
of a low level non-linear sensor signal, and compensation of nonlinear temperature drift of the sensor’s
span and offset so that the output of the system is a high level signal that does not drift with temperature.
The first part of the calibration procedure is to generate a mathematical model for the sensor based on
measurements made over temperature and applied stimulus. This model is used to generate table of
offset and gain corrections versus temperature. The signal conditioning system will monitor the
temperature of the sensor and use the table to cancel the sensor drift. A typical output response of a
sensor to applied stimulus is shown in Figure 4. Note that this sensor has a second order nonlinearity
error. The sensor signal conditioning system can cancel second order nonlinearity by feeding a portion of
the output signal back to the sensor. During calibration the mid-scale nonlinearity is measured. This
measurement is used to develop a feedback coefficient that will substantially reduce the nonlinearity error.

All trademarks are the property of their respective owners.
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Mathematical Model of a Bridge Sensor

BRIDGE SENSITIVITY vs TEMPERATURE
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Figure 1. Output Response of a Bridge Sensor vs Temperature
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Figure 2. Output Response of a Bridge Sensor vs Stimulus

2 Mathematical Model of a Bridge Sensor

Generally, one can describe each span, offset and nonlinearity parameters as polynomials of Nth degree
either vs. temperature or vs. input stimulus. In practice it is rarely necessary to compensate higher than
2nd-order errors and span, offset and nonlinearity can be approximated with 2nd-order equations for each.
Assuming that sensor nonlinearity is constant with temperature, these equations can be combined
together into a mathematical model given by Equatfion 1. Since bridges are ratiometric sensors,
Keringe(P,T) is the sensitivity of the sensor relative to the excitation voltage in V/V. It is a single function of
two variables—input stimulus P (such as pressure or flow) and temperature T—and seven coefficients.
The coefficients ny—ng are the model parameters.

Keripge(P: T) = Ng + NyT + n,T2 + (ngP + n,P2)(1 + ngT + ngT?) @
Calibrating the sensor requires performing second order curve fits over three measurement points for
nonlinearity and temperature drifts of span and offset. This involves making span and offset measure-
ments at three different temperatures. Generating the model for sensor output nonlinearity versus applied
stimulus involves making a zero-scale, mid-scale, and full-scale measurement and performing a second
order curve fit. Generally one needs to build an NxNxN array of measurements to curve-fit the model
using three Nth degree polynomials [1]. However, since we combined the sensor model into
with seven variables, many of the data points are redundant. In our case we can make a total of seven
measurements to curve-fit all seven model parameters. summarizes the required measurements
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Mathematical Model of a Bridge Sensor

conditions to solve for the model parameters in Equation 1]. Figure 3 illustrates the sensor signal
conditioning system. The sensor and temperature calibration measurements are made through this system

with K,y = 0. Making the measurements in this manner has an advantage in that the errors in the signal
conditioning system are lumped together with the sensor. Thus, the system errors will also be eliminated

during the calibration process.

Sensor Signal Conditioning System
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Figure 3. Sensor and Signal Conditioning System
Table 1. Measurement Conditions
TEMPERATURE PRESSURE Vour Kgrioe®, T)
Tc Pumin Vout1 (Voury — Offset) / (Gain x Vexc)
Tc Pmax Vour2 (Vour — Offset) / (Gain x Vexc)
Tr Pumin Vours (Vours — Offset) / (Gain x Vexc)
Tr PHaLF Vouts (Vout4 — Offset) / (Gain x Vexc)
Tr Pmax Vours (Vours — Offset) / (Gain x Vexc)
T Pumin Vouts (Vourts — Offset) / (Gain x Vexc)
T Pmax Vout? (Vout7 — Offset) / (Gain x Vexc)

The mathematics behind solving for the model parameters involve solving three matrices. Solving the first
pressure dependent portion of by setting pressure to zero at alll
). In practical applications it may not be possible to attain a zero pressure,
and so substituting P = P — Py,y is used in all equations. The second matrix is solved by setting pressure
to maximum at all three temperatures using the model parameters from the first matrix (Equation J). The

matrix involves eliminating the
three temperatures (Equafion 2

last matrix is solved by setting the temperature to room for mid-scale and maximum pressure (Equation 4).
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Let P=Pyn=0:
Keripge(T) = Ng + N T + n,T2
1
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3 Correcting Nonlinearity versus Applied Stimulus Using Feedback

Temperature drift correction involves converting temperature to a digital value and adjusting the system’s
gain and offset to compensate for the errors. This method is works well because temperature drift is a
slow moving function, but correction of linearity errors versus applied stimulus requires a purely analog
technique because the excitation can be a fast moving signal. For second order nonlinearities versus
applied stimulus it is possible to feed back a portion of the output signal to the sensor to cancel the
nonlinearity. The method can be intuitively understood by considering that the response of the sensor
conditioning system can be approximated as second order. The exact response of the system is a ratio
containing multiples of K,y in the numerator and denominator (Equafion 5). For a linear input the
response can be represented as an infinitely long polynomial using a Taylor series expansion.
illustrates the error in comparing different order Taylor expansions to the exact solution. Note that the error
is relatively small for the second order expansion indicating the system response can be approximated as
second order. Also note that this example uses K|y = —0.16 which will correct for a 5% nonlinearity.
Smaller K\ terms would be an even better approximation of a second order function.

Ve o = Kerinee * VrerKrer GaIN+ Vet correction
ouT = — : '
1-Kgripce * Kun Gain

®)

illustrates graphically how the correction technique works. The uncorrected sensor has a positive

P2 coefficient (i.e., concave up). By selecting the appropriate sign magnitude of Ky, the system response

is designed to cancel the sensors response (i.e., the system response is concave down). When the sensor
is connected to the system, the combined response forms a linear output. This method will typically yield a
20:1 improvement in linearity error.
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Correcting Nonlinearity versus Applied Stimulus Using Feedback

CORRECTION OF NONLINEARITY vs APPLIED STIMULUS
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Figure 4. System Nonlinearity Cancels Sensor Nonlinearity

Table 2. Taylor Expansion vs Exact Solution

ITERATION (ORDER OF POLYNOMIAL)

TAYLOR APPROXIMATION ERROR TO
EXACT SOLUTION (% OF FULL-SCALE)

1

0.687

-0.127

0.023

2
3
4

—0.004

The equation used to select the value of K required to cancel second order nonlinearity is derived by
forcing the closed loop system output response to have zero linearity error at mid-scale. Mid-scale is the
point of largest linearity deviation. The nonlinearity is analyzed at room temperature only and assumed to
be the same over temperature. For mathematical simplicity, Kgripge IS replaced with its normalized

equivalent K, (see Equation g and Equation §). By is the mid-scale nonlinearity (see Equafion 7). Also, the

offset correction is combined with Kggipge(0) to form Voyr vy Thus, can be rewritten as
Equation 9. The constraint Kp = 1 at pax, and the constraint K, = 0.5 + By, for an ideal linear output is

applied to Equation 9 to yield Equafion 10.
KBRIDGE(P) B KBRlDGE(O)
Kp(P) =

FSS (6)
o _ KP(5O) _ KP(100)2+KP(O)
v KP<100) - KP<0) (7
_ i e
P+4(By) Pyax (PL)— (P)
“p = P vax
- - (8)
Vv _ [(FSS G- KPVREFKREF)+Vout_min]
ouT —
1-(FSS - G- KyK
[ ( P LlN)] 9)
Kun = 4B\ VrerKrer
(VOUT_MAX - Vout_min) - ZBV(VOUT_MAX + Vout_min) (10)
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4 Compensating the Sensor versus Temperature Drifts

The mathematical model of the sensor is used to generate a table of offset and gain corrections versus
temperature. In a practical system, the length of this table is limited in size. For this example we use 17
points in the table. Between points, a linear interpolation is used to estimate the value of the correction
factor. A calibrated signal conditioning system will monitor the temperature of the sensor, compare the
temperature to the table and adjust its gain and offset to cancel the drift effects. Figure § and Figure §
illustrate how the sensor span drift is canceled by adjusting gain. Offset drift is corrected in a similar
manner. illustrates the interpolation error that is introduced during the linear interpolating between
points in the table.

SENSOR SPAN vs TEMPERATURE
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Figure 5. Sensor Span Drift
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Figure 6. Gain Correction
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Practical Implementation of the Sensor Signal Conditioning System

T~ GAIN CORRECTION vs TEMPERATURE
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Figure 7. Error Caused by Interpolation

5 Practical Implementation of the Sensor Signal Conditioning System

The Texas Instruments PGA309 integrated circuit chip is an example of a sensor signal conditioning
system that follows the basic topology described in this paper. The gain, and offset correction are
implemented with 16-bit digital-to-analog converters (DACs). The sensor temperature can be monitored
using an external or internal diode and onboard 16-bit delta-sigma converter. Adjustment of the linearity
feedback factor (K ) is accomplished using a 7-bit DAC. The block diagram for this device is shown in
Eigure §. The end result of a calibration using this device is that a sensor with initial deviations up to 50%,
nonlinearity errors on the order of 4%, and gain drifts on the order of 20% of span are calibrated to have a
total error less than 0.1% [2] [3].

SBOA111-June 2005 A Practical Technique for Minimizing the Number of Measurements in Sensor Signal Conditioning Calibration 7



%‘ TEXAS

INSTRUMENTS
www.ti.com
References
VS
| |
| |
T |
| |
| |
| |
1 1 :
|
| Vexc Linearization REF [
: > Circuit :
| |
| = |
| |
| |
| |
| |
b q |
| |
: Linearization DAC |
| |
PGA309 | Excitation |
: Linearization I
| J
Front End .
Coarse Gain Linear Vour
S .
Coarse
Output
Offset
Coarse Gain
: Temperature I
| Sense
Internal
| . . )
| Temp Digital Calibration
|
|
|
: Temp
: E_?;enr.lnpal [—o ADC Digital Interface EXF?&”;;EEP?OM
' Look-up and Interpolation Logic wi foration
ExtTemp | P P 9 Coefficients
e 4
(TSSOP-16) (SOT23-5)

Figure 8. Block Diagram of PGA309 Integrate Sensor Signal Conditioning System

6 References
1. Kouider, M., Nadi, M. and D. Kourtiche. (2003). Sensors auto-calibration method—using programmable
interface circuit front-end. Sensors 2003:3, 490-497. ISSN: 1424-8220.
2. PGA309 product datasheel. Texas Instruments, Inc. EBOS292.
PGA309 User's Guidd. Texas Instruments, Inc. GBOU0Z4.

4. Horn, G. v.d. and Huijsing, J.H. (1996). Programmable analog signal processor for polynomial
calibration. ESSCIRC’96 Proceedings, 400-403. Neuchatel, Switzerland.

5. Dunbar, M.L. (1998). Single chip ASICs for smart sensor signal conditioning. Wescon'98 Proceedings,
44-50. Anaheim, CA.

w

8 A Practical Technique for Minimizing the Number of Measurements in Sensor Signal Conditioning Calibration SBOA111-June 2005


http://www-s.ti.com/sc/techlit/SBOS292
http://www-s.ti.com/sc/techlit/SBOS292
http://www-s.ti.com/sc/techlit/SBOU024
http://www-s.ti.com/sc/techlit/SBOU024

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and services at any time and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verify that such information is current and complete. All products are sold subject to TI's terms
and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with TI's standard warranty. Testing and other quality control techniques are used to the extent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

TI assumes no liability for applications assistance or customer product design. Customers are responsible for
their products and applications using TI components. To minimize the risks associated with customer products
and applications, customers should provide adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any Tl patent right,
copyright, mask work right, or other Tl intellectual property right relating to any combination, machine, or process
in which TI products or services are used. Information published by Tl regarding third-party products or services
does not constitute a license from Tl to use such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsible or liable for
such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by TI for that
product or service voids all express and any implied warranties for the associated TI product or service and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Following are URLs where you can obtain information on other Texas Instruments products and application
solutions:

Products Applications

Amplifiers amplifier.ti.com Audio www.ti.com/audio

Data Converters dataconverter.ti.com Automotive www.ti.com/automotive

DSP dsp.ti.com Broadband www.ti.com/broadband

Interface interface.ti.com Digital Control www.ti.com/digitalcontrol

Logic logic.ti.com Military www.ti.com/military

Power Mgmt power.ti.com Optical Networking www.ti.com/opticalnetwork

Microcontrollers microcontroller.ti.com Security www.ti.com/security
Telephony www.ti.com/telephony
Video & Imaging www.ti.com/video
Wireless www.ti.com/wireless

Mailing Address: Texas Instruments
Post Office Box 655303 Dallas, Texas 75265

Copyright © 2005, Texas Instruments Incorporated


http://amplifier.ti.com
http://dataconverter.ti.com
http://dsp.ti.com
http://interface.ti.com
http://logic.ti.com
http://power.ti.com
http://microcontroller.ti.com
http://www.ti.com/audio
http://www.ti.com/automotive
http://www.ti.com/broadband
http://www.ti.com/digitalcontrol
http://www.ti.com/military
http://www.ti.com/opticalnetwork
http://www.ti.com/security
http://www.ti.com/telephony
http://www.ti.com/video
http://www.ti.com/wireless

	1 Introduction
	2 Mathematical Model of a Bridge Sensor
	3 Correcting Nonlinearity versus Applied Stimulus Using Feedback
	4 Compensating the Sensor versus Temperature Drifts
	5 Practical Implementation of the Sensor Signal Conditioning System
	6 References

